Mammals generate external coloration via dedicated pigment-producing cells but arrange pigment into patterns through mechanisms largely unknown. Here, using mice as models, we show that patterns ultimately emanate from dedicated pigment-receiving cells. These pigment recipients are epithelial cells that recruit melanocytes to their position in the skin and induce the transfer of melanin. We identify Foxn1 (a transcription factor) as an activator of this ''pigment recipient phenotype'' and Fgf2 (a growth factor and Foxn1 target) as a signal released by recipients. When Foxn1-and thus dedicated recipients-are redistributed in the skin, new patterns of pigmentation develop, suggesting a mechanism for the evolution of coloration. We conclude that recipients provide a cutaneous template or blueprint that instructs melanocytes where to place pigment. As Foxn1 and Fgf2 also modulate epithelial growth and differentiation, the Foxn1 pathway should serve as a nexus coordinating cell division, differentiation, and pigmentation.
INTRODUCTION
It is well known that external coloration affects the survival and reproduction of animals, as pigmentation can provide camouflage, prevent damage from light, influence body temperature, and facilitate social interactions, such as the acquisition of mates. Consistent with these diverse functions, coloration itself can be strikingly diverse, as populations vary in both the types of pigment produced and the arrangement of pigments into patterns. For centuries, this diversity has attracted human interest, and in recent decades, much has been learned about the production of pigment. Nonetheless, much remains unknown about the patterning of pigmentation, in particular, how patterns become organized and new patterns emerge over time.
Mammals develop most of their coloration through a system comprised of two types of cells (reviewed in Slominski et al., 2004) , referred to here as pigment donors and recipients. The pigment donors are melanocytes, which synthesize melanin in distinct organelles called melanosomes. The pigment recipients are epithelial cells, which acquire and hold most cutaneous melanin. As the system forms, each melanocyte extends dendrites and contacts multiple epithelial cells, creating a ''pigmentary unit.'' Melanosomes are then transported along the dendrites and into the epithelial cells, which may internalize the melanosomes via phagocytosis. As donors connect directly to recipients, melanin is placed in precise locations, which often differ among or within species. In humans, pigment is targeted to the epidermis and a subset of hairs. In mice, the hair coat receives most of the melanin produced, as the coat-covered epidermis loses the melanocyte lineage in early life and thus remains unpigmented. Once inside epithelial cells, melanin plays site-specific physiological roles (e.g., UV protection in the case of human epidermis). Thus, in mammalian skin, pigmentary tasks are sharply divided, as one cell type creates pigment while another puts it to use.
With their melanosomes and dendrites, melanocytes are highly specialized cells and clearly built for the production and distribution of pigment. Accordingly, it may be asked whether epithelial cells are built for melanization, that is, whether pigment recipients are specialized counterparts to pigment donors. As the skin develops its particular pattern of coloration, some epithelial cells become melanized while others do not. At the morphological level, there is no basis for this difference, as epithelial cells produce no observable structures that facilitate or prevent pigmentation. At the functional level, there is little information about pigment recipients and no trait known to distinguish these cells from the unmelanized population. Thus, it has never been determined whether epithelial cells, like melanocytes, are specially dedicated to pigmentary functions. Moreover, little is known about the role of epithelial cells in the development of pigmentary interactions.
In particular, it has never been shown whether epithelial cells are primarily ''reactive,'' acquiring pigment if a melanocyte offers it, or ''proactive,'' recruiting melanocytes and inducing the transfer of pigment. Thus, the question arises as to how the skin forms pigmentary units, and by extension, what determines where pigment is placed.
Foxn1 (Whn, Hfh11) is a murine gene essential for the proper development of several epithelial tissues, including tissues with melanocyte populations. Its product has the properties of a transcriptional activator, as it contains a sequence-specific DNA-binding domain (Nehls et al., 1994; Schlake et al., 1997) and a negatively charged transactivation domain (Brissette et al., 1996; Schlake et al., 1997; Schü ddekopf et al., 1996) . In rodents, the loss of Foxn1 function results in the nude phenotype (Nehls et al., 1996 (Nehls et al., , 1994 , which is characterized by the lack of visible hair (Flanagan, 1966) , defects in the epidermis (Kö pf-Maier et al., 1990; Lee et al., 1999) , impairments in mammary gland development (Militzer and Schwalenstocker, 1996 ; R. Baxter and J.L.B., unpublished), aberrant differentiation of nails (Mecklenburg et al., 2004) , and absence of a thymus (Pantelouris, 1968) . Human FOXN1 is 86% identical to its murine counterpart , and a nonsense mutation in FOXN1 is associated with T cell immunodeficiency, congenital alopecia, and nail dystrophy (Frank et al., 1999) . Thus, the loss of FOXN1 activity leads to a disease that closely resembles the nude phenotype, demonstrating the functional conservation of the Foxn1 orthologs.
In this study, we identify novel functions for Foxn1 and epithelial cells in the development of coloration. At specific cutaneous sites, epithelial cells use Foxn1 to recruit melanocytes and induce their own pigmentation. Foxn1 thus defines a distinct cell population that ultimately controls the targeting of pigment in the skin.
RESULTS AND DISCUSSION

Foxn1 in Murine Skin
In mice, Foxn1 expression appears restricted to epithelial cells and has been detected in various organs, such as the skin, thymus, mammary gland, and eye Nehls et al., 1996) . In the epidermis, Foxn1 is induced as cells lose the ability to divide and initiate terminal differentiation Prowse et al., 1999) . Hair follicles exhibit a comparable Foxn1 expression pattern, as Foxn1 becomes active during cellular transitions from proliferation to differentiation . Within epithelial cells, the Foxn1 protein localizes to the nucleus , consistent with the actions of a transcription factor. As the epidermis matures, Foxn1 activity mirrors the tissue's dynamics; the number of Foxn1-expressing cells peaks while the epidermis develops, then falls after birth as the tissue thins, fewer cells divide or differentiate, and melanoblasts disappear . A similar correlation exists between the transcription of Foxn1 and the dynamics of the hair cycle Meier et al., 1999) . Foxn1 expression peaks during anagen, when a hair is produced, then falls during catagen and telogen, when the follicle shortens, becomes quiescent, and loses its differentiated melanocytes. Figure 1 shows immunofluorescent staining for Foxn1 as a hair grows from a mature follicle. Foxn1 was detected primarily in the differentiating precursors of the hair cortex, which generate the main structural support for the hair shaft and receive pigment from melanocytes. Foxn1 is normally present therefore in epithelial cells acquiring a keratinized and melanized phenotype. This localization of Foxn1 is consistent with the findings of previous studies, which detected the expression of the Foxn1 promoter , the Foxn1 mRNA Meier et al., 1999) , and an amplified Foxn1 locus (Cunliffe et al., 2002) in the precortex.
Pigmentation and a Gain of Foxn1 Function
To elucidate the role of Foxn1 in epithelial morphogenesis, we generated transgenic mice that produce full-length Foxn1 from the promoter for keratin 5 (KRT5; Figure 2A ) (Ohtsuki et al., 1992) . This promoter is active in cutaneous epithelial cells capable of proliferation and lacking differentiated features. Thus, the transgene should misexpress Foxn1 in epithelial progenitor populations, which like melanocytes typically border the dermis and attach to the basement membrane.
In general, the Krt5-Foxn1 transgenics were healthy and fertile, though on rare occasions, a runted pup with flaky skin and sparse hair emerged from a backcross. While most mice seemed unharmed by the transgene, the transgenics were still distinguishable from their wild-type littermates, as their skin grew dark at sites with little or no hair, such as the footpads and snout ( Figure 2B ). As this color change suggested melanogenesis, skin was stained for melanin using the Masson-Fontana technique. Consistent with the darkened coloration, melanin appeared at new sites, as the epidermis was extensively melanized in both Figure S1 in the Supplemental Data available with this article online) and hairless regions. Most of this pigment was located in the basal layer, where many epithelial cells stained positive. Suprabasal keratinocytes were melanized as well, though their melanin content was lower, and melanin-positive cells extended into the stratum corneum, where they accumulated as dead, pigmented squames (the end products of keratinocyte differentiation; Figures 2D and S1 ). In haired transgenic skin, pigment appeared within the follicular infundibulum (an epithelium similar to the epidermis) and around the sebaceous gland (an epithelial derivative; Figures 2D and S1 ). No changes were observed in the coloration of the dermis, which normally exhibits sporadic melanocytes. Thus, the transgene specifically induced the melanization of epidermal keratinocytes and related cells, thereby converting the epidermis into a pigmented tissue.
Given this novel melanization pattern, the skin was next probed for melanocytes and their precursors using TTA (tyramide-based tyrosinase assay; Figures 2G-2H ) or antibodies to Kit ( Figure S2 ). Whereas wild-type epidermis rapidly lost pigment cells after birth, transgenic epidermis did not exhibit this cell loss. Instead, as transgenic skin matured, numerous melanocytes remained in the epidermis as well as superficial regions of the hair follicles. These pigment cells were located primarily in the basal layer, though suprabasal melanocytes were also detected. This distribution of melanocytes was observed in three independent transgenic lines, showing that the transgene itself (not the site of insertion) produced the phenotype. Moreover, the phenotype correlated with the transgene's expression pattern. In young transgenics, Foxn1-positive cells were observed throughout the basal layer of the epidermis, infundibulum, and sebaceous gland ( Figure 2J ). The sebaceous gland was the deepest site of transgene expression, and thus, the transgene specifically targeted Foxn1 to cells located near the skin surface. This Foxn1-expressing population was far more extensive than that of wild-type skin ( Figure 2I ), where epidermal Foxn1 expression was sporadic and marked the few keratinocytes initiating terminal differentiation, as previously shown (Baxter and Brissette, 2002; Janes et al., 2004; Lee et al., 1999; Prowse et al., 1999) . Thus, melanocytes localized to and melanized sites of transgene activity.
To the naked eye, the transgenic coat was normal in color, and hence by all appearances, the epidermis did not gain melanin at the hair's expense. At the histological level, the transgenics possessed well-formed skin with melanocyte-filled hair bulbs, fully pigmented hair shafts, and normal follicle densities ( Figures 2E and 2F ). Thus, ectopic Foxn1 expression did not block the migration of melanocytes into the follicles or disrupt follicle development such that melanocytes became stranded in the epidermis. Rather, the transgene seemed to broaden the actions of the pigmentary system and, in effect, make the system more human-like. By misexpressing Foxn1, the epidermis joined the hair as a target for melanization, and the melanocyte population reorganized to match its expanded target.
Pigmentation and the Loss of Foxn1 Function
Mice possess over 100 genes known to affect pigmentation, but to our knowledge, Foxn1 has never been viewed as a ''pigmentation gene,'' as there have been no reports of pigmentary defects in nude mice. Despite their hairless appearance, nude mice produce hair follicles that are largely normal, as the follicles exhibit proper internal organization, reach developmental maturity, generate all standard cell types, and grow hair shafts (reviewed in Mecklenburg et al., 2005) . Nude hair shafts fail to become visible because they lack rigidity. Upon exiting the inner root sheath (a step just prior to exiting the follicle), nude hairs bend, coil, and break into segments. This lack of rigidity seems to result, at least in part, from a deficiency in certain hair keratins (Meier et al., 1999; Schlake et al., 2000) . As nude skin develops and matures, melanocytes exhibit normal behavior, as they follow their usual migration routes and enter every hair follicle. Thus, Foxn1 is not required for the initial stages of pigmentary system development, when melanocytes colonize the skin.
To determine whether Foxn1 affects later stages, we examined the pigmentation of mature nude hair follicles. As shown in Figure 3 , pigmentary defects dramatically ) littermates ($1 month old). Melanin (black-brown) was stained by the Masson-Fontana technique. The mouse strain carries a targeted disruption of Foxn1 (Nehls et al., 1996) . Identical results were obtained with a spontaneous nude mutation (Foxn1 nu ) on a C57BL/6 background (data not shown). Abbreviations are as follows: C, cortex; M, medulla. The scale bar represents 20 mm.
emerged during the second hair cycle. At this time, wildtype hair follicles produced a cortex that was richly and uniformly pigmented (upper panel). In contrast, nude follicles developed little if any cortical pigmentation, as melanin granules were sparse and unevenly distributed among cortical cells (lower panel). This lack of cortical pigment did not result from a failure of cortical cells to differentiate, as the nude precortex produced the hair keratin Krt31 (mHa1) and the AE13 antigen ( Figures S3A-S3D ), markers of cortical differentiation (Langbein et al., 1999; Lynch et al., 1986) . Moreover, the nude pigmentation defect did not result from any obvious defect in the melanocytes. The nude melanocytes migrated to their normal position in the hair bulb ( Figures S3E-S3H ), generated clusters composed of numerous cells, produced pigment, and transferred this pigment to premedullary cells. Consequently, a well-melanized medulla always developed next to the unmelanized nude cortex (Figure 3 , lower panel). Hence, the nude melanocytes were fully functional pigment donors. As cortical cells specifically express Foxn1 (Figure 1 ), the lack of cortical pigment presumably resulted from a defect in the cortical epithelium itself. Thus, the loss of Foxn1 function blocked the melanization of an epithelial structure. Conversely, a gain of Foxn1 function (the Krt5-Foxn1 transgene) induced the melanization of new epithelial sites. These results demonstrate that Foxn1 turns epithelial cells into pigment recipients and that it does so (at least in part) by causing melanocytes to melanize these cells.
Changes in Foxn1 and Pigmentation with Time
As nude hair lacked pigment in the cortex only, the endogenous Foxn1 affected the pigmentation of its host cells only and thus generated pigment recipients directly and specifically. Over time, the Krt5-Foxn1 transgene displayed similarly specific effects on the coloration of epidermal cells. As transgenic mice matured, the number of transgene-expressing cells declined, producing an epidermis in which Foxn1-positive cells (Figure 4 , red staining) were scattered within an otherwise Foxn1-negative basal layer. As the distribution of Foxn1 changed, the distribution of melanocytes changed in parallel. Melanocytes (Figure 4 , green staining) disappeared from Foxn1-negative regions and localized to the remaining Foxn1-positive basal cells. These Foxn1-positive keratinocytes were then preferentially melanized, causing pigment to be redistributed toward the transgene-expressing cells and away from their Foxn1-negative keratinocyte neighbors (Figure 4) . Thus, as the basal layer became a mixture of Foxn1-positive and Foxn1-negative keratinocytes, melanocytes and their pigment were targeted to the Foxn1-positive cells. The Foxn1-negative regions reverted to their normal unpigmented state, and epidermal pigmentation became spotty, like the activity of the transgene.
FOXN1 in Human Skin
Humans appear to possess four major classes of pigment recipients, as melanocytes form extensive connections with two types of epidermal cells-the keratinocytes of the basal and first suprabasal layers (Holbrook, 1991) and two types of follicular cells-the precursors of the hair cortex and medulla (Montagna and Parakkal, 1974) . The human precortex is known to express FOXN1 (Frank et al., 1999) , consistent with the hair defects of human FOXN1 mutants. To assess epidermal FOXN1 activity, we stained normal human skin for FOXN1 by immunofluorescence ( Figure 5 ). FOXN1 was detected in numerous suprabasal keratinocytes, and the first suprabasal layer was uniformly FOXN1-positive. FOXN1 was also found in a subset of basal keratinocytes. Thus, in humans as in mice, FOXN1 is associated with pigment recipient populations.
Foxn1 and Fgf2
To induce the pigmentation of an epithelium, Foxn1 must activate the transmission of signals from epithelial cells to melanocytes. While many proteins may contribute to this signaling, one good candidate was Fgf2 (fibroblast growth factor-2), which is not produced by normal melanocytes (Halaban et al., 1988) but has potent effects on their behavior. In culture, Fgf2 induces a variety of ''propigmentation'' cell responses, as depending on the experimental system it promotes pigment cell proliferation (Halaban et al., 1987; Herlyn et al., 1988; Hirobe, 1992; Zhang et al., 1997) , differentiation (Pla et al., 2004; Stocker et al., 1991; Yamane et al., 1999) , survival (Alanko et al., 1999; Halaban et al., 1987; Oka et al., 2004) , melanogenic activity (Imokawa and Motegi, 1993; Puri et al., 1996) , or chemotaxis (Horikawa et al., 1995) . Though less is known about its role in animal coloration, Fgf2 can act as an attractant for migrating melanoblasts in avian embryos (Schö fer et al., 2001) , implicating it in the organization of the pigmentary system. Moreover, it has been shown in culture that keratinocytes signal to melanocytes via Fgf2 and that this signaling promotes melanocyte multiplication and survival (Halaban et al., 1988) . In developing skin, the expression pattern of Fgf2 overlaps with that of Foxn1, as Fgf2 is present in the suprabasal layers of the epidermis and the differentiating hair shaft immediately superficial to the follicular papilla (Gonzalez et al., 1990) . Hence, we determined whether Fgf2 constitutes one of the signals activated by Figures  6A and 6B ). This epidermal Fgf2 was located primarily in the basal layer, the site of transgene expression. As shown by ELISA, transgenic keratinocytes secreted 6-fold more Fgf2 into culture medium than wild-type keratinocytes ( Figure 6C ), consistent with the upregulation of Fgf2 observed in skin. Thus, the expression of Foxn1 produced an increase in the levels and secretion of Fgf2. Though many genes are known to lie downstream from Foxn1 (Baxter and Brissette, 2002; Brissette et al., 1996; Janes et al., 2004; Johns et al., 2005; Meier et al., 1999; Prowse et al., 1999; Schlake and Boehm, 2001) , the direct targets of Foxn1 have never been identified. As target genes may be distinguished by their immediate response to a transcription factor, we infected primary keratinocytes with a Foxn1-expressing adenovirus and measured the Fgf2 transcript at early times post-infection. As shown in Figure 6D , Foxn1 strongly induced Fgf2 mRNA, and this induction was evident after only 8 hr of infection. Thus, an increase in Foxn1 produced a rapid corresponding increase in the Fgf2 transcript, consistent with a direct activation mechanism. To determine whether Foxn1 binds to cis elements of Fgf2, we screened the Fgf2 locus for Foxn1-DNA complexes by chromatin immunoprecipitation (ChIP). These assays were performed with virusinfected keratinocytes under the same conditions that stimulated the Fgf2 transcript. In all, 37 Fgf2 regions were assayed, each of which was noncoding and was either proximal to the transcription start site or distal but conserved in human FGF2 (R70% identity over 100 bp). Of these 37 sites, two sites bound the Foxn1 protein (Figures 6E and 6F). Site 1 was located immediately upstream from the core promoter, while site 2 was in an intronic region conserved in humans. Thus, an increase in Fgf2 expression correlated with the binding in cis of Foxn1. These results identify Fgf2 as a Foxn1 target gene.
To determine whether Fgf2 mediates Foxn1's effects on pigmentation, we inhibited Fgf2 function in Krt5-Foxn1 mice. Antibodies to Fgf2 were injected subcutaneously during the first week after birth, the time at which the melanocyte lineage normally leaves the epidermis and enters the hair follicles. Two different antibodies to Fgf2-each of which neutralizes Fgf2 activity (see Experimental Procedures)-were tested on separate animals. The two antibodies produced the same result. Following Fgf2 neutralization, the transgenic epidermis experienced a significant decline in its pigment cell population, as fewer pigment cells were found in both the basal and suprabasal layers ( Figures 6G and 6H ). In contrast, follicular pigment cells seemed unaffected by the neutralizing antibodies, as transgenic hair bulbs acquired their normal clusters of melanocytes ( Figure S4 ). Thus, when Fgf2 was inhibited, the transgenic phenotype was partially rescued or normalized: melanocytes disappeared from the epidermis but colonized the hair follicles, causing transgenic skin to become more like wild-type. These results establish Fgf2 as an effector of Foxn1 in the control of pigmentation. The results further suggest that Fgf2 levels determine (at least in part) whether the epidermis retains melanocytes.
Foxn1 and the Pigment Recipient Phenotype
In sum, while many proteins promote the development of pigment donor cells, we report here the first protein that promotes the development of pigment recipients. At particular sites in the skin, Foxn1 induces the melanization of cells that contain it. Without Foxn1, these cells remain unpigmented, as their melanocyte neighbors seemingly ignore them. These results suggest a mechanism for the morphogenesis of pigmentary interactions. To initiate this mechanism, Foxn1 stimulates epithelial cells to emit signals, one of which is Fgf2 (Figure 7) . As a result of these signals, melanocytes recognize the Foxn1-positive cells as targets, connect to these targets via dendrites, and transfer pigment. Hence, Foxn1 identifies pigment recipients and then recruits pigment donors, thereby generating pigmentary units and ultimately a pigmented epithelium. This mechanism appears necessary for the pigmentation of the hair cortex and may serve as a model for the pigmentation of other epithelia.
The results further suggest a new view of melanized epithelial cells and their role in pigmentary system development. As shown here, the pigmentation of Foxn1-positive cells is largely self-driven and thus achieved through a distinct set of Foxn1-induced traits. Accordingly, we conclude that Foxn1 confers special properties on a cell-a ''pigment recipient phenotype''-through which the cell engineers its own pigmentation. In essence, the pigment recipients, like pigment donors, are specialized cells dedicated to a pigmentary function. Viewed in this way, the recipients constitute a defined epithelial counterpart to the melanocytes.
While Foxn1 is the first documented activator of the recipient phenotype, we think it likely that other activators exist and that other pathways confer or contribute to recipient status. Under normal conditions in mice and humans, Foxn1 is present in roughly 50% of the epithelial cells that receive pigment. In the hair follicle, Foxn1 is present in cortical recipients but absent from medullary recipients (Figure 1 ; Cunliffe et al., 2002; Frank et al., 1999; Johns et al., 2005; Lee et al., 1999; Meier et al., 1999) . Likewise, in human epidermis, FOXN1 is present in suprabasal recipients but absent from most (though not all) basal recipients ( Figure 5 ). Additionally, in murine eyelids, Foxn1 is absent from the mucocutaneous junctional epithelium, a strip-shaped area that normally receives pigment from melanocytes and continues to receive pigment when Foxn1 is knocked out or Fgf2 is neutralized (data not shown). As such, Foxn1 may promote a substantial fraction of animal pigmentation, as it appears active in half the recipient cells analyzed to date. But at the same In the four histological panels (A, B, G, and H), DNA is shown in blue, and arrowheads mark the dermal-epidermal border. On the three graphs (C-E), data are represented as mean ± SD. The scale bars represent, respectively, in (A) and (B), 20 mm; and (G) and (H), 25 mm.
time, Foxn1 cannot promote the pigmentation of all recipient cells, raising the question of how Foxn1-negative recipients acquire pigment. One possibility is that they employ Kitl (Kit ligand). In mice, the production of Kitl can induce keratinocyte pigmentation (Kunisada et al., 1998) , while the regulation of Kitl appears Foxn1-independent (L.W., R.H., and J.L.B., unpublished). Hence, Kitl may identify pigment recipients or activate a recipient phenotype, either in concert with Foxn1 or as an alternative to it. The recipient phenotype may also arise in part through the actions of Nog, Egfr, F2rl1, and derivatives of Pomc1, as these proteins can promote the epithelial pigmentation of animals in various circumstances (D'Orazio et al., 2006; Fitch et al., 2003; Levine et al., 1991; Plikus et al., 2004; Seiberg et al., 2000) . As Foxn1-positive cells use specific factors to drive their own pigmentation, we think it likely that Foxn1-negative recipients do the same. We propose therefore that the recipient phenotype, whether activated by Foxn1 or other factors, represents a general mechanism of epithelial melanization.
Based on the properties of pigment recipients, we infer that the recipient phenotype plays two roles in the development of the pigmentary system. One role is to confer specificity on pigmentary interactions. As melanocytes contact many types of epithelial cells, the phenotype should prevent erroneous cellular associations and restrict pigmentary interactions to defined targets. The second role is to provide a template or pattern for pigmentation. As shown here, pigmentary patterns reflected the distribution of Foxn1. When Foxn1 was inactivated, the pattern of coloration became simpler, as pigment was lost from an array of repetitive structures (the cortical portions of hair shafts). Conversely, when Foxn1 was produced at new sites, the pattern of pigmentation became more complex, as melanocytes melanized new structures along with their normal targets. Hence, melanocytes arranged themselves to mirror the recipient population, and pigment was deposited in recipient-defined locations. We suggest therefore that the recipient phenotype performs a simple cutaneous function: it instructs melanocytes where to place pigment.
The recipient phenotype explains why melanocytes appear to be such discriminating pigment donors, an aspect of melanocyte behavior that has been little appreciated but plays a fundamental role in the patterning of pigmentation. For example, as melanocytes develop in the hair bulb, they are confronted with seven potential targets for pigmentation, as they are surrounded by seven types of epithelial cells: three types of hair cells, three types of inner root sheath cells, and the undifferentiated cells of the hair matrix. Yet of these seven potential targets, melanocytes provide pigment to only two-the precursors of the hair cortex and medulla. The other five types of epithelial cells do not receive pigment, though they sit in close proximity to the melanocytes. As the melanocytes transfer pigment to some neighbors and not others, they seemingly discern which neighbors constitute their true targets. The recipient phenotype accounts for this behavior, as it provides a targeting mechanism, enabling epithelial cells to signal to melanocytes, ''put pigment here.'' Lastly, we note that Foxn1 promotes the development of several epithelial tissues, and thus, that the Foxn1-Fgf2 pathway is likely to serve additional purposes. It is known that nude mutations impair the proliferation and differentiation of cutaneous epithelial cells, though Foxn1 itself is associated with differentiating populations, not proliferating ones (Baxter and Brissette, 2002; Brissette et al., 1996; Lee et al., 1999; Prowse et al., 1999) . When differentiating cells overexpress Foxn1, neighboring cells respond with hyperproliferation . Based on these findings, we proposed that Foxn1 has dual effects: it promotes the terminal differentiation of an epithelial cell and at the same time induces the cell to release growth factors; these growth factors promote the division of neighboring cells, which facilitates the growth or renewal (maintenance) of the epithelium . The results presented here support these ideas (Figure 7) . By inducing Fgf2 secretion, Foxn1 should promote epithelial cell proliferation, as Fgf2 is a known mitogen for keratinocytes (Bhora et al., 1995; O'Keefe et al., 1988; Shipley et al., 1989) . At the same time, Foxn1 seemingly inhibits autocrine effects of Fgf2; as shown here, Fgf2 accumulated around sites of transgene expression, yet the Foxn1-positive basal keratinocytes displayed no signs of hyperproliferation ( Figure 6B ). Thus, Foxn1 appears to perform complementary signaling functions-it induces epithelial cells to secrete a mitogen and simultaneously renders the secreting cells resistant to the mitogen's effects. Such actions are consistent with Foxn1 playing a prodifferentiation role in an individual cell and a proproliferation role for the surrounding epithelium.
In summary, the Foxn1 pathway provides a mechanism by which epithelial tissues can coordinate their growth, differentiation, and pigmentation. These actions should serve as a model for how different cell types work together to generate a complex phenotype.
EXPERIMENTAL PROCEDURES Transgenic Construct and Animals
The transgene expresses a murine Foxn1 cDNA containing the complete coding sequence (nucleotides 97-2135; Nehls et al., 1994) . A Kozak sequence and Flag epitope tag were added to the translation start site as described . From 5 0 to 3 0 , the construct consists of the human keratin 5 promoter (0.9 kb; Ohtsuki et al., 1992) , rabbit b-globin intron (0.75 kb; Saitou et al., 1995) , Foxn1 cDNA, and human keratin 14 polyadenylation site (0.5 kb; Vassar et al., 1989) . The linearized transgenic construct was injected into fertilized oocytes from DBA x C57BL/6 F 1 hybrid mice at the CBRC Transgenic Core Facility. Transgenic animals were identified by PCR analysis of tail DNA; primers corresponded to nucleotides 774-796 and 1449-1470 of the Foxn1 cDNA. Transgenic lines were established and maintained by backcrossing to C57BL/6 mice. All animal studies were conducted under IACUC-approved protocols.
Recombinant Adenoviruses
A Foxn1-expressing adenovirus was generated using the AdEasy Vector System (MP Biomedicals) and the packaging cell line AD-293 (Stratagene). The viral construct (Ad-Foxn1) expresses the same Flag-tagged Foxn1 cDNA as the Krt5-Foxn1 transgene. Virus was prepared according to the instructions of the AdEasy system's manufacturer. Viral stocks were purified by double centrifugation on cesium chloride gradients and desalted using PD-10 columns (Amersham Biosciences).
Cultivation and Manipulation of Primary Keratinocytes
Keratinocytes were prepared from newborn mice and grown to confluence at 33.5 C in minimal essential medium with 50 mM CaCl 2 , 4% chelex-treated fetal calf serum, and 2.5 ng/ml epidermal growth factor. When cultures were generated from transgenic lines, pups were genotyped before cells were extracted from the skin. Recombinant adenoviruses were used with primary keratinocytes derived from Swiss Webster pups. Infections were performed at approximately 1000 m.o.i. in a minimal volume of serum-free keratinocyte medium. After one hour, complete medium was added to the cultures. To determine infection efficiencies, living cultures were examined for fluorescence from the green fluorescent protein, which was produced by the viruses. In each experiment, the viruses infected 95%-100% of the cells.
Histological Analysis, Immunofluorescence, and Tyrosinase Assays Melanin was stained using the Masson-Fontana technique (Stevens and Chalk, 1996) . Nuclear fast red was the counterstain.
For immunofluorescent analyses, frozen sections were fixed with either 1:1 methanol:acetone (Foxn1, Krt31, AE13, and Tyrp1 staining) or 1% methanol-free buffered formaldehyde (Fgf2 and Kit staining) as described (Han et al., 2002) . Staining reactions used either a goat polyclonal antibody to Foxn1 (WHN G-20; Santa Cruz Biotechnology), rabbit polyclonal antibody to Fgf2 (H-131; Santa Cruz Biotechnology), guinea pig polyclonal to Krt31 (hHa1; PROGEN Biotechnik), rabbit polyclonal to Tyrp1 (aPEP1, the gift of V. Hearing; Virador et al., 2001) , biotinylated rat monoclonal antibody to Kit (2B8; PharMingen/ BD Biosciences), or the mouse monoclonal AE13 (the gift of T-T. Sun; Lynch et al., 1986) . Foxn1 and Krt31 were stained using the protocol described in Weiner and Green (1998) , except that sections were re-hydrated with 0.1% NP-40 in phosphate-buffered saline (PBS) before the addition of the first blocking solution (5% bovine serum albumin (BSA) in PBS). The staining protocol was modified further for the detection of AE13 antigen, Tyrp1, Fgf2, and Kit. These modifications are described in the Supplemental Data.
Tyramide-based tyrosinase assay (TTA) was performed as described (Han et al., 2002) on formaldehyde-fixed frozen sections.
Biopsies were removed from the back for all analyses of haired skin.
Protein and RNA Quantitation Fgf2 protein was measured by solid phase ELISA in medium conditioned by primary keratinocytes. The conditioned medium was prepared by washing cultures once with serum-free keratinocyte medium and then incubating the cultures for 24 hr in the serum-free medium. Following collection of the medium, cellular debris was removed by centrifugation (200xg for 5 min. at 4 C) and filtration of the supernatant (0.45 mm SFCA syringe filter; Corning, Inc.). The medium was then concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with a molecular weight cutoff of 5 K (Millipore). For buffer exchange, the concentrate was washed twice with PBS in the filter unit. Samples were maintained at 4 C during the concentration and wash steps.
The final volume of each concentrate was approximately 1/50th the starting volume of the medium. Concentrates were stored at À80 C, normalized for protein by Bradford assay, and added directly to the ELISAs. ELISAs were performed with the Quantikine HS Fgf basic Immunoassay Kit (R&D Systems) according to the manufacturer's instructions. Fgf2 mRNA was measured by real-time RT-PCR in adenovirusinfected cultures of wild-type primary keratinocytes. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) and reverse transcribed into cDNA using oligo-dT primers and the SuperScript III First Strand Synthesis System for RT-PCR (Invitrogen). cDNA preparations were then precipitated with ethanol and resuspended in 1X PCR Gold Buffer (Applied Biosystems). PCR conditions are described in the Supplemental Data.
Neutralization of Cutaneous Fgf2
Mice were injected with a rabbit polyclonal antibody to bovine Fgf2 (R&D Systems), a goat polyclonal antibody to human Fgf2 (R&D Systems), normal rabbit IgG (Upstate Biotechnology), or PBS vehicle. Each dose was injected subcutaneously on the dorsal side in a volume of 0.1 ml. Animals received 1 mg of antibody per dose and were injected for six consecutive days, starting on the day of birth (postpartum stages P0-P5). On P6, dorsal skin was harvested and fixed in 1% methanol-free buffered formaldehyde. Samples were then snap-frozen in O.C.T. compound, sectioned, and analyzed for melanocytes by TTA (Han et al., 2002) .
The two Fgf2 antibodies were shown to neutralize Fgf2 by the manufacturer. Under the manufacturer's assay conditions, the antibodies displayed ND 50 s of 1-2 mg/ml.
Chromatin Immunoprecipitation Assays
Adenovirus-infected keratinocytes were treated with formaldehyde to crosslink protein-DNA complexes. Chromatin was isolated, fragmented, and immunoprecipitated with antibodies to Flag. Crosslinks were reversed, and precipitated genomic sites were quantitated by real-time PCR. A detailed protocol is provided in the Supplemental Data. 
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